Abstract-Space-time (ST) coding has emerged as an effective strategy to enhance performance of wireless communications in fading environments. Many different ST coding schemes have been proposed to achieve reliable communications in independent fading channels. However, a design of robust ST codes for correlated fading channels has not been addressed. In this paper, we propose a simple robust ST coding scheme that achieves robust performance over a wide range of fading conditions. The key to achieve robust performance is to formulate code design criteria that are not dependent on the channel correlation statistics. A provably robust scheme can be formulated by concatenating a full-rank ST block code with an outer encoder. We derive several robust code examples via the concatenated orthogonal ST block code and TCM construction. The simulation results show that some traditional ST codes perform poorly, whereas the proposed codes achieve robust performance over a broad range of fading conditions.
I. INTRODUCTION
M ULTIPLE antennas can greatly improve performance of wireless communications. The pioneering work by Telatar [1] and Foschini and Gans [2] showed that for a system with transmit antennas and receive antennas assuming spatial independence, there are essentially levels of diversity available, and there are independent parallel channels that could be established. These information-theoretic studies spawned two lines of work: one where the number of independent channels is large [3] and one where the number of independent channels is small [4] . This work is concerned with the second paradigm, where a small number of transmit antennas are utilized. The goal in this paradigm is to achieve as large a throughput as possible while retaining highly reliable demodulation.
Space-time (ST) coding is the commonly accepted approach for a small number of parallel spatial channels and has been shown to be a very effective diversity strategy. The standard design criteria for constructing good space-time codes were proposed in [4] - [6] for the independent quasistatic and fast fading channels. These criteria have been commonly used in the literature to construct many classes of space-time codes, Manuscript received October 15, 2001 ; revised May 29, 2002 . This work was supported by the National Science Foundation under grant CCR-0073505. The associate editor coordinating the review of this paper and approving it for publication was Dr. Georgios B. Giannakis.
S. Siwamogsatham e.g., [4] - [17] . Algebraic design rules for when block fading is a good channel model have been presented in [18] . This work addresses narrowband communications where the channels will be frequency flat, and the time diversity due to the Doppler spread can be exploited. The goal of reliable and bandwidth efficient communication can be achieved if both the spatial and temporal diversity is exploited in an efficient manner. The first attempt, which is denoted "smart-greedy" codes, by Tarokh et al. [4] showed that codes could be designed to provide good performance in quasistatic fading and yet still utilize temporal diversity to improve performance. In general, an ST code with a large enough number of states and interleaving can achieve both spatial and temporal diversity. In the sequel, we will denote codes of this type to be smart-greedy codes.
In the traditional ST code designs, it was commonly assumed that the channels associated with different antennas are statistically independent. However, it is often difficult to satisfy the ideal independent fading condition in practice. The work by Shui et al. [19] showed that in quasistatic fading, the capacity and performance degrades as a function of the channel spatial correlation. When the time variation of the channels is included in the performance analysis, the work in [20] showed that there is an interaction between the channel ST characteristics and the code structure. In fact, when smart and greedy coding is used in ST correlated channels with rich spatial and temporal diversity, significant performance degradation can occur due to channels and code structure interactions. In other words, given that a large amount of spatial and temporal diversity is available in the channel, the smart greedy code structure can achieve full diversity in some propagation environments and achieves almost no diversity in other propagation environments. Additionally, measurements reported in [21] demonstrated that the channel conditions that cause the loss in diversity with smart and greedy codes can be observed frequently in realistic propagation environments. These results motivate the need to design ST codes that achieve robust performance in correlated fading channels.
In this paper, we propose a provably robust ST coding scheme that achieves good performance in a broad range of correlated Rayleigh fading conditions. The proposed robust design requires no feedback channel state information nor statistics to the encoder. The key to achieve robust performance is to formulate code design criteria that are not dependent on the channel correlation statistics. Unlike the existing code designs for time-varying fading, the proposed technique prevents an interaction between the channel and the code structure that may nullify the good distance properties of the code. In other words, the channel cannot disrupt the optimality of the proposed code structure. Therefore, we can guarantee that the proposed ST codes perform well in all varieties of fading conditions. In contrast, a complete analysis needs to be done for all applicable fading environments to ensure that the traditional code designs achieve good performance in correlated fading.
The formulation of the proposed robust scheme relies on the common block fading assumption, i.e., the channels are constant for consecutive received samples, yet the interleaving depth is large enough to break dependency among these blocks of -symbol observations. Here, we assume , where corresponds to the number of transmit antennas. The validity of this assumption is demonstrated by the sample ST correlation functions presented in [21] . With this assumption, the design criteria for constructing good ST codes can be made independent of the covariance matrix of the channel. A simple robust scheme can then be formulated by concatenating a full-rank ST block code (e.g., [10] - [15] ) with an outer encoder. The idea of concatenated ST code construction is not new. Many have proposed ST codes based on this construction, e.g., [23] - [30] . Nonetheless, the contribution of this work is that we can prove that the concatenated ST code construction achieves robust performance in correlated fading channels. We derive several robust code examples from the concatenated orthogonal ST block code and TCM construction. Simulation results show that the proposed codes achieve robust performance while the traditional smart-greedy codes perform quite poorly in correlated fading.
The remainder of this paper is organized as follows. Section II overviews the standard transmit diversity scheme, ST channel model, and traditional ST code design criteria. Section III describes the proposed robust scheme formulation, design criteria, and code examples. Section IV presents performance results of the traditional ST codes and the proposed robust designs in correlated fading channels.
II. BACKGROUND

A. Transmit Diversity Scheme
A typical wireless communication system with transmit antennas is depicted in Fig. 1 . Note that we assume that the receiver is equipped with only one antenna for simplicity of notation, yet the generalization to the multiple receive antenna case is straightforward. At the receiver, the matched-filter output after deinterleaving at symbol index , which is , can be expressed as (1) where denotes the signal with a unit average power transmitted from antenna , for , at time , denotes the path gain from antenna to the receiver at time (with and denoting the interleaving and deinterleaving mapping functions, i.e., if and only if ), is the average energy per symbol with denoting the average energy per bit and denoting the transmission rate, and denotes the additive white Gaussian noise with variance . Note that interleaving is the same for all branches. It is assumed throughout this paper that perfect channel state information (CSI) is available at the receiver and that s are modeled as zero-mean complex Gaussian random variables with unity variance. The vector of received observations is formed as (2) where is an codeword matrix of the form
and is an deinterleaved channel distortion vector, i.e., and is a zero-mean complex white Gaussian noise vector.
B. ST Channel Model
In practice, the characteristics of ST channels are a function of the scattering environment. A scattering ST model that captures many of the important characteristics of a land mobile environment (e.g., angle spread) is given in [22] . This channel model is adopted in this paper, and the scattering model with two base station antennas and one mobile station antenna is depicted in where number of reflector; normalized Doppler spread caused by vehicle movement; angle of the th reflector on the scattering ring; amplitude of the th reflected wave; angle of vehicle motion; initial phase of the th scatterer received at the first antenna; phase difference caused by the path length difference from the th scatterer to the two base station antennas. The work by Chen in [22] assumed that scatterers were uniformly distributed around the mobile so that and had equal amplitudes. The generalization of the model to the case is straightforward. This ST channel model produces a space -time correlation function between the two antennas of (see [22] ). With the far-field assumption, the correlation function can be approximated by (6) , shown at the bottom of the page, where , and . The fundamental parameters of this model are summarized as follows:
scatter ring radius in wavelengths; receiver distance from transmitter antenna pair center in wavelengths; mobile position angle; mobile moving direction, normalized Doppler spread.
All other parameters in the model are functions of these parameters.
C. Standard ST Code Design Criteria
First, note that the probability that a coherent maximum likelihood decoder with perfect CSI erroneously chooses a codeword over a transmitted codeword is bounded by [20] (7) where and are the rank and product of nonzero eigenvalues of a "signal matrix" formed as (8) with denoting the codeword difference matrix, and denoting the channel covariance matrix. Thus, to minimize the probability of decoding errors, it is desirable to design codes such that and criteria are maximized for all possible pairs of codewords in the modulation. In general, code designs are dependent on the channel correlation characteristic since is a function of . The standard design criteria [4] - [6] were derived for the case of quasistatic and ideal fast fading channels with spatial independence. In quasistatic fading, the channels are assumed to be constant over the duration of a data frame and alter in an independent manner from frame to frame. In the ideal fading, the channel realizations are assumed to be statistically independent. Let us denote , , , and to be the rank and product-of-eigenvalue criteria for the quasistatic and ideal fading cases, respectively. Essentially, the traditional ST code designs are based on maximizing these criteria over all pairs of codewords in the modulation. In correlated fading, the traditional designs may perform poorly because the interaction between the channel covariance matrix and some codeword difference may produce poor code distance characteristics. In practice, the channel correlation statistics that are functions of the location and mobility of the receiving unit may be neither fixed nor known. Therefore, it is desirable to design a coding scheme that achieves robust performance over a broad range of fading conditions.
III. SMART-ROBUST SPACE-TIME CODES
In this work, we propose a new class of ST codes that achieve robust performance over a broad range of fading conditions. We denote this class of ST codes as the smart-robust codes. The key to achieve robust performance in correlated fading channels is to formulate code design criteria that are not channel-dependent. Consequently, a good choice of the smart-robust code is not a function of the channel correlation statistics. We describe a robust coding scheme formulation, design criteria, and examples of robust ST codes in the sequel. (6) A. Scheme Formulation A provably robust coding strategy can be formulated by exploiting the common block fading channel assumption. Here, we assume that the channels are constant within a block of received samples, i.e., for , where . Accordingly, the channel interleaver will be a group-wise interleaver that operates in a unit of samples, i.e., , for
. In this case, the vector of the received samples after channel deinterleaving has a succinct form (9) where the codeword matrix here is an matrix formed by submatrices along the diagonal entries, i.e., for
where is defined in the equation at the bottom of the page, and the channel distortion vector -is an vector for this case, as opposed to an vector in the conventional formulation. This allows us to derive code design criteria that are not channel dependent.
B. Smart-Robust Design Criteria
For the smart-robust scheme formulation, the signal matrix becomes an matrix where the codeword difference matrix is an matrix, and the channel covariance matrix is an matrix. Note that , and the codeword difference matrix generally has many zero rows and columns that may be excluded from the analysis. Let us define to be the reduced codeword difference matrix in which only nonzero rows and columns are included, and define to be the covariance matrix of the relevant channel distortion coefficients such that if the th row and column of are removed to form , then the corresponding th row and column of are removed to form an matrix . Using the standard matrix algebra that the nonzero eigenvalues of are identical to those of , where and are arbitrary matrices [32] , we can redefine the signal matrix as (11) For simplicity of notation, define (12) It is observed that the channel covariance matrix generally has full rank , given that . By ensuring that is full-rank, the signal matrix would have full rank. Consequently, the product of the nonzero eigenvalues of would be equivalent to the matrix determinant, which can be decomposed as (13) Note that (13) is only true when and are of full rank and the same size. The block fading assumption and a proper code design guarantee that these conditions hold. In this case, the asymptotic performance of the smart-robust scheme is inversely proportional to , and may be viewed as the loss due to channel correlations.
With the proposed formulation, the choices of good codes do not depend on the channels. The performance of this coded modulation is still channel-dependent, but the channel and code structure cannot interact in a destructive manner. The design criteria for robust ST codes in correlated fading can be summarized as follows.
• Rank Criterion: The matrix in (12) will have full rank. Denote rank . To achieve the most diversity advantage, will be maximized for all pairs of distinct codewords and .
• Determinant Criterion: Denote . To achieve the most coding advantage, will be maximized for all pairs of distinct codewords and . For brevity of notation in the sequel, and denote the minimum diversity advantage and coding gain for a smart-robust scheme in correlated fading. The notation for a generic-coded modulation in ideal and quasistatic fading will be , , , and .
C. Smart-Robust Construction
A simple technique to construct a smart-robust ST code is to concatenate a full-rank ST block code with an outer encoder (see Fig. 3 ). By using an full-rank ST block code as an inner code, we ensure that each submatrix along the diagonal entries of is either a zero matrix or a full-rank matrix. For a given pair of codewords and where denotes the set of coding intervals that is a nonzero matrix. The role of an outer encoder is to maximize the number of these nonzero matrices (hence, maximize the level of diversity) and the minimum coding gain . . . . . . . . . . . . of the coded modulation. An optional interleaver may also be employed between the encoders in order to achieve increased diversity advantage. It should be emphasized that the idea of a concatenation of an ST block code and an outer encoder is not new. Many have proposed ST codes based on this construction, e.g., [23] - [30] . However, the contribution of this work is rather that we can prove that the concatenated full-rank ST block code and outer encoder construction achieves robust performance in correlated fading channels.
D. Code Examples
In this section, we construct examples of smart-robust codes in order to compare performance in correlated fading channels with the smart-greedy codes of similar complexity. The goal is to demonstrate that the smart-greedy codes perform poorly, whereas the smart-robust codes achieve robust performance over a wide range of fading conditions. The smart-greedy codes considered here include the two-state 0.5-bit/symbol BPSK and two-state 1-bit/symbol QPSK codes in [4] , the 16-state 2-bits/symbol QPSK TSC [4] and YB [8] codes. Note that the first two codes are constructed to be smart-greedy by design, whereas the latter two codes are ST-TCM designs optimized for good performance in quasistatic fading that can also achieve improved performance in time-varying fading with interleaving.
Here, we choose to derive the smart-robust codes via the common concatenated orthogonal ST block code [10] , [11] , [14] and TCM/MTCM construction. Conveniently, the design of this STBC-TCM/MTCM construction is analogous to that of the traditional single-antenna TCM scheme. As a matter of fact, for the case of quasistatic fading channels, the existing TCM codes optimized for the AWGN channel can be optimally used as the outer encoders [23] . In addition, due to decoding linearity of the orthogonal ST block code, an interleaver can be placed between the block code and the outer encoder to improve diversity advantage of the coded modulation without increasing overall decoding complexity.
For the current STBC-TCM/MTCM construction, is equal to (14) where and for to are the inputs to the ST block code at the th coding interval with denoting the encoder interleaving function. It can be observed that (14) is quite similar to the performance criterion for constructing a good TCM code in the traditional single-antenna Rayleigh fading channel. To maximize diversity advantage, the encoder interleaver will spread the outputs of the outer encoder across different coding blocks. This can be done by using the traditional TCM codes for the single-antenna fading channel. That is, the use of an orthogonal ST block code bridges the design of ST codes with that of the traditional singleantenna codes for Rayleigh fading.
Example 1: Here, we construct a 0.5-bit/symbol BPSK smart-robust ST code for . The goal is to construct a smart-robust code with equal or better performance than the two-state BPSK smart-greedy ST code [4] .
In this case, we use the Alamouti orthogonal ST block code [10] as the inner code and the optimum two-state 0.5-bit/symbol TCM design for the single-antenna fading channel as the outer code. The two-state 0.5-bit/symbol smart-robust code is depicted in Fig. 4 . This code has with , and with . Compared with the two-state BPSK smart-greedy ST code, which has with and with , it can be expected that the proposed two-state smart-robust code outperforms the two-state smart-greedy code in all varieties of fading conditions.
Example 2: Here, we construct a 1-bit/symbol QPSK smartrobust ST code for . The goal is to construct a smartrobust code that outperforms the two-state 1-bit/symbol QPSK smart-greedy ST code [4] .
Again, we use the Alamouti orthogonal ST block code as the inner code. For an outer encoder, we can adopt an efficient design from the rich and well-understood literature of the single-antenna Rayleigh fading channels. Here, we choose to use the I-Q TCM scheme [33] as the outer encoder, due to the fact that the concatenated I-Q TCM and ST block code construction has not really been explored. The proposed fourstate 1-bit/symbol I-Q QPSK smart-robust code is depicted in Fig. 5 . Basically, the optimal four-state 0.5-bit/symbol 2-AM encoder is employed in each of the I and Q channels. Due to the use of an orthogonal ST block code as an inner code, each of the bit streams can be independently decoded. This four-state smart-robust code has with , and with for the time-varying fading cases. A two-state QPSK smartrobust code can also be constructed by replacing each 2-AM encoder in Fig. 5 with the two-state encoder from Fig. 4 and the resulting two-state smart-robust code has with , and with for the time-varying fading cases. Note that the proposed four-state code should considerably outperform the two-state code in time-varying fading channels because it achieves a much larger diversity advantage. Compared with the two-state 1-bit/symbol QPSK smart-greedy ST code that has with and with , the proposed smart-robust codes should considerably outperform the two-state QPSK smart-greedy code in all varieties of fading conditions.
Example 3: Here, we construct a 2-bits/symbol smart-robust ST code for with 8-PSK constellation. Note that the existing ST codes can be categorized as the smart-greedy codes when used with an interleaver. The goal here is to construct a smart-robust code that outperforms the 16-state 2-bits/symbol TSC [4] and YB [8] QPSK codes in correlated fading.
In this case, we concatenate the Alamouti block code with the 2-bits/symbol 8-PSK TCM code optimized for the traditional single-antenna fading channel. We adopt the 16-state 8-PSK TCM code from [34] . The 16-state 2-bits/symbol 8-PSK smart-robust code is depicted in Fig. 6 . This code has with , and with . Compared with the 16-state TSC code, which has with and with , we can expect that the proposed smart-robust code significantly outperforms the 16-state TSC code in all varieties of fading conditions. Compared with the 16-state YB code, which has with and with , the proposed 16-state smart-robust code should significantly outperform the 16-state YB code in the case of time-varying fading conditions since it achieves greater diversity advantage. In quasistatic fading, although the 16-state YB has a slightly larger , it does not necessarily imply that the 16-state YB code performs better than the proposed code. The distance spectrum of the codes must be analyzed in order to accurately characterize performance of the codes (see [35] ). Here, simulation results show that the proposed code also performs better than the 16-state YB code in quasistatic fading.
Note also that decoding complexity of the proposed STBC-TCM/MTCM construction is relatively low because signal orthogonality can be exploited to ease data decoding. The simplified ML decoding algorithm and complexity analysis of the STBC-TCM/MTCM construction can be found in [31] . The STBC-TCM code considered in this example has comparable decoding complexity with the ST-TCM counterparts. 
IV. SIMULATION RESULTS
In this section, we investigate performance of the smart-robust codes and the smart-greedy codes under various fading conditions. The main objective of the following simulation results is to demonstrate the robustness of the proposed designs, which achieve good performance over a wide range of fading conditions. In contrast, the performance of the smart-greedy scheme is quite susceptible to correlated fading. The interaction of the smart-greedy code and channel can produce poor distance characteristics, and the performance can be quite poor, although the channel conditions are not necessarily bad.
To study robustness, we simulate the frame error rate of the smart-greedy and smart-robust codes as a function of different channel parameters for the case. In the simulations, a frame is formed by 128 channel symbols, including the trellisterminating bits. The channels are simulated by the ST channel model given in (4) and (5) . Note that this channel model produces large correlations among realizations across the space and time domains when and small correlations when . A symbol-wise 16 8 channel interleaver is used in the smart-greedy scheme, whereas a two-symbol-wise channel interleaver with depth of 16 and a symbol-wise 2 64 encoder interleaver are used in the smart-robust scheme.
First, consider the performance of the smart-greedy and smart-robust codes as a function of the normalized Doppler spread . Generally, we expect the performance of a coded modulation to improve when is increased. In fact, this is exactly the design objective of the smart-greedy codes. Here, the simulation results show that in correlated fading channels, the smart-greedy codes do not always perform as well as one would expect. This is because the distance characteristic of the smart-greedy codes is a function of the channel correlation statistics. It can be severely disrupted when interacting with the channel in a given fading environment. For example, consider the performance of the two-state 1-bit/symbol QPSK smart-greedy code as a function of , which is depicted in Fig. 7 . It can be seen that the performance of the smart-greedy code degrades drastically when and the channels are highly correlated across the space and time domains . In this case, the smart-greedy code performs significantly worse than in the case of . This result is rather surprising because with the given parameters ( , , , , , and with a 16 8 symbol-wise block interleaver), the channels have adequate available diversity. While the model produces large correlations across the space and time domains (i.e., ), the correlations in the time domain for each channel (i.e., ) and the correlations in the spatial domain at a given time (i.e., ) are small enough to give good diveristy. Similarly, the two-state 0.5 bit/symbol BPSK smart-greedy code and the 16-state 2-bits/symbol QPSK TSC and YB codes also exhibit this undesirable performance characteristic (see Fig. 8 ). Note that other traditional ST designs may or may not have this performance characteristic, depending on how the code structure interacts with the channel. In contrast, the distance characteristic of the smart-robust code is not dependent on the channel correlation statistics. Thus, it cannot interact with the channel in a destructive manner. We can see that the smart-robust codes perform as expected when is increased, regardless of the ST channel correlations.
The performance of the smart-greedy and smart-robust codes in different fading conditions as a function of signal-to-noise ratio (SNR)
is depicted in Figs. 9-12 . It can be seen that the proposed smart-robust codes outperform the smart-greedy codes in all fading conditions. Again, we can see that the smart-greedy codes perform quite poorly in the highly correlated fading environments, and they can perform even worse than in the case of quasistatic fading. In contrast, the proposed smart-robust codes achieve robust performance in all varieties of fading conditions.
In addition, we investigate performance of the smart-greedy and smart-robust codes as a function of the distance between the two transmit antennas and as a function of the mobile position angle . For brevity of the presentation, we choose to evaluate performance of the two-state 0.5-bit/symbol and 1-bit/symbol smart-greedy and smart-robust codes in this study. The results are shown in Figs. 13 and 14 . It can be observed that the performance of the smart-greedy codes fluctuates quite drastically with a fractional variation in the separation of the two transmit antennas (in the wavelength units). In other words, for a fixed , the performance can vary significantly for different carrier frequencies. This is not a desirable property. We also observe that the performance fluctuation is approximately periodic. Note that the phase of the channel correlation function, which is given by [see (6) ], is periodic in the parameter . For a given , the period is . We actually compute the error probability for each codeword pair of the smart-greedy code as a function of and observe that the oscillation appears to have a period of and that different codeword pairs produce the oscillation with different offsets. Similarly, the performance of the smart-greedy codes also fluctuates quite drastically with a fractional variation in the position angle of the mobile unit. In contrast, the performance of the smart-robust codes is not susceptible to a small variation in or . It should now be apparent that the smart-greedy codes could suffer badly in correlated fading channels. The code may or may not perform well in different fading conditions, depending on how channel correlations effect the distance characteristic of the code. In certain cases, the effect of channel correlations could catastrophically disrupt the smart-greedy code structure.
Unless performance analysis is done for all applicable fading environments, one cannot guarantee that a traditional ST code performs well in correlated fading channels. In contrast, the distance characteristic of the smart-robust codes is not dependent on the channel correlation statistics, and the codes achieve robust performance over a broad range of fading conditions.
V. CONCLUSIONS
The space-time codes that are derived from the traditional scheme and design criteria cannot be guaranteed to achieve robust performance in correlated Rayleigh fading channels. In this paper, we propose a simple coding scheme that achieves robust performance over a wide range of fading conditions. We derive the robust code design criteria that are not dependent on the channel correlation statistics. A provably robust scheme is formulated by concatenating a full-rank space-time block code with an outer encoder. Simulation results show that the traditional space-time codes can suffer badly, whereas the proposed concatenated scheme achieves robust performance over a broad range of fading conditions.
